We present results of comprehensive study of electronic properties of (TiZrNbCu) 1−x Ni x metallic glasses performed in broad composition range x encompassing both, high entropy (HE) range, and conventional Ni-base alloy concentration range, x ≥ 0.35. The electronic structure studied by photoemission spectroscopy and low temperature specific heat (LTSH) reveal a split-band structure of density of states inside valence band with d-electrons of Ti, Zr, Nb and also Ni present at Fermi level N (E F ), whereas LTSH and magnetoresistivity results show that variation of N (E F ) with x changes in Ni-base regime. The variation of superconducting transition temperatures with x closely follows that of N (E F ). The electrical resistivities of all alloys are high and decrease
effect shows positive Hall coefficient that decreases rapidly in Ni-base alloys.
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Introduction
Recent concept of high entropy alloys (HEA, multicomponent near to equi-atomic alloys) [1, 2, 3, 4] has aroused large interest in the scientific community (see e.g., [5] ) The concept of HEAs is in contrast to that of conventional alloys, which are commonly based on a single primary element that has been doped in order to promote a particular desired property. This alloy design explores the middle section of the phase diagrams of multicomponent alloys which was largely unexplored in conventional alloys [4] . Therefore, a virtually unlimited number of new alloys are now available for research and possible exploitation [6] .
Intense research on HEAs over the last fifteen years has led to the production of several hundred new alloys [5] and publication of about two thousand papers, including several reviews of literature (e.g., [7, 8, 9, 10, 11, 12, 13, 14, 15] ) and books [16, 17] . As a result, large progress has been made in the research and understanding of HEAs and several technologically relevant alloys, such as those with exceptional low-and high-temperature mechanical properties have been discovered [5] .
However, present research of HEAs seems somewhat uneven, with the main effort invested in the development of new structural materials, thus focused on their mechanical properties, microstructure and thermal stability (e.g., [5, 14, 17] ). Meanwhile, the research aimed at their electronic structures and properties, both experimental [5, 18, 19, 20, 21, 22, 23, 24] and theoretical [5, 25, 26, 27, 28, 29] , is in spite of their potential as functional materials [5] still insufficient. The lack of insight into their electronic structure which in metallic systems determines almost all their properties (e.g., [30, 31] ) hinders the conceptual understanding of both crystalline (c-) and amorphous (a-) HEAs [19, 24] . Furthermore, the distribution of research on HEAs in regards to their composition is highly uneven, with studies of HEAs based on 3d-metals forming a large majority, while there are only a few studies on HEAs composed of early and late transition metals (e.g., [1, 2, 5, 17, 19, 22, 24, 32] ). In general, in spite of their early appearance [1, 2] and large conceptual importance [17, 24, 32] research of a-HEAs lags well behind that of c-HEAs. This may be influenced by the fact that glass forming ability (GFA) of known a-HEAs is inferior in comparison to the best glass former in a particular alloy system [15, 17, 33] . However, in the last couple of years several comprehensive studies showing novel effects in a-HEAs have been published (e.g., [33, 34, 35, 36, 37, 38] ).
The important problem of the transition from a-HEAs to conventional metallic glasses (MG) with the same chemical make-up was however ignored.
The study of this transition is important both for understanding the formation of HEAs, and for proper evaluation of their potential in respect to that of conventional alloys.
Very recently, we reported, to our knowledge, the first systematic study of the atomic structure-electronic structure-property relationship in (TiZrNbCu) 1−x Ni x (x ≤ 0.5) MGs for x in both the HEA (x ≤ 0.35) and conventional Ni-rich concentration range [22, 24] . It was found that both the atomic and the electronic structure show a change in the Ni-rich concentration range (valence electron number, V EC ≥ 7.4 [22] ). This was reflected in all properties studied, including so-called boson peaks, by the change of their concentra-tion dependence for x > 0.35. The results have been compared with those for corresponding binary and ternary MGs [24] sharing similar electronic structure.
Here we report the first, to the best of our knowledge, comprehensive study of the electronic properties of quinary MG system (TiZrNbCu) 1−x Ni x over a broad composition range (x ≤ 0.5) encompassing both the highentropy and the conventional alloy concentration range (x > 0.35). Electrical resistivities of all alloys are high (ρ ≥ 160 µΩcm) and show qualitatively the same variations with x and temperature as in corresponding binary MGs [39, 40, 41, 42, 43, 44] . Superconducting transition temperatures T c decrease with x as expected from the split-band electronic density of states revealed by ultraviolet photoemission spectroscopy (UPS). However, in agreement with the change of atomic and electronic structure on transition from a-HEA to Ni-based MGs [24] the decrease of T c with x declines for x > 0.35.
We also show that superconductivity in our alloys as well as that in crystalline HEAs [18, 21, 23] and binary transition metal alloys (e.g. [43] ) is determined by their electronic structure and shows universal variation with the band (bare) density of states. The Hall coefficients, R H , of all alloys are positive and decrease towards zero in Ni-rich alloys.
Experimental
As described in some detail elsewhere [19, 24] , eight alloys in the (TiZrNbCu) 1−x Ni x system with x = 0, 0.125, 0.15, 0.20, 0.25, 0.35, 0.5 and 0.55 were prepared from high purity elements by arc melting in a pure argon gas environment.
Thin ribbons with thickness of about 20 µm were fabricated from fragments of these alloys by melt spinning molten alloys on the surface of a copper roller in a pure He atmosphere [19, 22] . Detailed description of the methods employed for structural (X-ray powder diffraction, XRD), chemical (scanning electron microscopy with energy dispersive spectroscopy, SEM/EDS) and thermal (differential scanning calorimetry and thermogravimetric analysis, DSC-TGA) characterisation of all alloys was reported previously [19, 22, 24] .
XRD and DSC results revealed that all samples except for those with x = 0 and 0.55 were fully amorphous. Therefore, the samples with x = 0 and 0.55 were not used in further studies. Details of the characterization of fully amorphous samples including their XRD patterns, SEM/EDS images and DSC curves were recently published [19, 22, 24] . We note that all these samples showed homogeneous distribution of elements with actual compositions close to nominal ones. The techniques employed for the measurements of their low temperature specific heat (LTSH), magnetic and mechanical properties were also reported recently [19, 22] .
As described previously in [24] , the valence-band structure of the as-cast sample was studied by UPS, with a Scienta SES100 hemispherical electron analyzer attached to an ultra-high vacuum chamber, with base pressure maintained below 10 −9 mbar. An unpolarized photon beam of 21.2 eV was generated by a He-discharge UV source. Several cycles of sputtering with 2 keV Ar + ions at room temperature were performed in order to remove oxygen and other contaminants from the sample surface. The energy resolution was about 25 meV.
The resistivity measurements were performed by the low frequency (typically 22 Hz) ac method with rms current i = 0.2 mA. About 8 mm long samples for resistivity measurements were mounted on the sample holder of a 3 He cryostat inserted into a 16/18 T Oxford superconducting magnet.
The current and voltage wires were glued with silver paste onto the samples.
The silver paste was allowed to dry at room temperature for about twelve hours resulting in contact resistances at most a few Ohms. The resistivity was determined from the measurements of resistance, length, mass and density of samples [44, 45, 46] . Due to finite width of the silver paste contacts the uncertainty in the absolute resistivity values was about 5%. Additional 
Results and discussion
As noted earlier [19, 22, 24] , the values of thermophysical parameters such as the configurational entropy ∆S conf , the mixing ∆H mix or formation enthalpy ∆H f and the average difference in the atomic sizes of the constituents δ, which are frequently employed in a semi-empirical criteria for the formation of different phases in HEAs [13] , place (TiZrNbCu) 1−x Ni x within the range of intermetallic compounds forming alloys. This is probably associated with strong interatomic interactions ∆H mix < 0 and large atomic size difference δ between the early (Ti,Zr,Nb) and late (Ni,Cu) transition metal components [24] . In this sense, these alloys can be viewed as quasi-binary alloys of early (TE) and late (TL) transition metals which will facilitate their comparison with conventional (binary and multicomponent) TE-TL alloys. Since a large (negative) ∆H mix and δ also promote GFA in alloys [13, 19] the fabrication of amorphous alloys seems the simplest way to obtain (TiZrNbCu) 1−x Ni x alloys in a single phase state. Indeed, careful characterization of our samples [19, 22, 24] revealed that alloys with x = 0.125, 0.15, 0.20, 0.25, 0.35 and 0.5 were fully amorphous and that the distribution of the constituents within the samples was random. In what follows, we discuss only the results for fully amorphous, as-cast samples. Figure 1 shows the variation of normalized resistivity with temperature for selected (TiZrNbCu) 1−x Ni x alloys. As is usual for both binary (e.g., [39, 40, 41, 42, 43, 44, 45, 46, 47, 48] ) and multicomponent (e.g., [49] ) TE-TL amorphous alloys with high resistivity (ρ ≥ 140 µΩcm) the resistivities of all our alloys decreased with increasing temperature above 4 K. This correlation between the magnitude of electrical resistivity and the corresponding temperature coefficient of resistivity, TCR = d(ln R)/dT , at room temperature in concentrated disordered transition metal alloys was first observed by J. H. Mooij [50] . He attributed the transition from TCR > 0 to TCR < 0 at elevated resistivities to a small electronic mean free path, l, in a way similar to that used in Ioffe-Reggel criterion [51] . (This criterion  0   50  100  150  200  250  300 1.00
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1.06 providing an estimate of the minimum metallic conductivity can be written in a form k F l ≥ 1, where k F is the Fermi wave-number which means that irrespective of the type of scattering, l should not become smaller than the electronic wavelength. In other words, k F l < 1 is criterion for an onset of electron localization.) Both, the values of the resistivities and their semiconductor-like variations with temperature are long-standing problem and several models have been proposed for their explanation (e.g., [47, 48] ).
To the best of our knowledge the main mechanism(s) giving rise to the observed resistivities of amorphous TE-TL alloys has not been identified yet (e.g., [44, 47, 48] ), whereas their temperature dependences seem to be dominated with the quantum interference effects (e.g. [40, 41, 42, 47] [24] it is convenient to express the stoichiometry of our alloys in a form (TiZrNb) ( 
where A = ( √ 3e 2 /2πl) τ /τ so , t = τ so /4τ i , and τ and τ so are electronic transport life time and the life time due to spin orbit interaction, respectively. The complete expression for σ(T ) in weakly localized regime [52] includes in addition to delocalizing inelastic electron scattering τ i , and the effects of spin-orbit interaction τ so , and also the effects of the electron-electron (e − e) interaction enhanced by disorder. We have shown earlier [42] that dicates that the effects of incipient localization dominate the temperature dependence of resistivity in all these alloys. Some arguments [40, 41, 42] in support of this claim are: (1) very short electronic mean free paths, (2) a broad composition range showing a semiconducting resistivity behaviour, [19, 22] . As already noted [19] , such low T c s, comparable to these in amorphous Hf 1−x Cu x alloys [43] , are unusual considering rather high contents of Nb (pure Nb has T c = 9.2 K), Zr and Ti which form alloys with T c s around 10 K, but are consistent with the results for amorphous Nb-Zr films which showed no superconductivity down to T = 1 K. The monotonic decrease of T c with x in our and all other TE 1−x TL x amorphous alloys (e.g., [43, 45, 46] ) can be simply explained in terms of their electronic structures. was observed in Zr 1−x Ni x alloys with x ≥ 0.64 [24, 55, 56, 57] . In particular, E F of this alloy seems to remain in the area dominated with d-states of TEs. A more quantitative insight into the evolution of DOS at E F of our alloys with x has been obtained recently from the LTSH measurements [22] .
These measurements have shown that the coefficient γ of the electronic contribution to LTSH, which is proportional to dressed DOS at E F , N γ (E F ) structural change obey the Dynes-Varma correlation [58] which seems valid for all disordered transition metal alloys, both crystalline (e.g., [21, 23] ) and amorphous [43] . As already noted in [24] , since N γ (E F ) is enhanced by the electron-phonon interaction, it cannot be used to prove that the changes in figure 4 for x > 0.35 are due to change in N 0 (E F ). However, in superconducting transition metal alloys one can use the McMillan expression [59] in order to disentangle N 0 (E F ) from λ e−p in N γ (E F ). By using the data from figure 4 we calculated the values of N 0 (E F ) for all our alloys which confirmed a change in N 0 (E F ) for x > 0.35. We also found that both, the values of N 0 (E F ) (ranging from 1.19 states/eV atom for x = 0.125 to 1.01 states/eV atom for x = 0.5) and λ e−p (ranging from 0.51 for x = 0.125 to 0.41 for x = 0.5) of our alloys are somewhat lower than those for corresponding Zr-Cu, Ni amorphous alloys (e.g. [44] ) which, together with the adverse influence of Ti [43, 58] , probably explain their low T c s. Simultaneously, the initial rates of decrease of T c and N γ (E F ) with x TL and V EC of our alloys are very close to those in Zr 1−x Ni x alloys [45, 46] which implies that the same mechanism is responsible for the initial suppression of T c in both alloy systems.
Useful information about superconductivity in amorphous alloys can be obtained from the measurements of the upper critical field H c2 (T ) (e.g. [43] ).
In particular, in the absence of LTSH results one can estimate N γ (E F ) from the measurements of H c2 (T ) and ρ:
where N A , M and d, are the Avogadro number, molecular weight and mass density respectively, and other symbols have their usual meaning [43] . The HEA and Ni-base concentration range are shown in figure 5 , H c2 was defined with resistivity criterion ρ(H c2 ) = 0.9ρ(1.8 K), but as illustrated in the inset, due to sharp resistive transitions some other definitions of H c2 such as 0.5ρ(1.8 K) would cause very small downward shift of the data in figure   5 . We note that magnetic field shifts and broadens the resistive transition but the broadening, caused by a weak flux pinning inherent to homogeneous amorphous superconductors, is the strongest for ρ < 0.5ρ(1.8 K) therefore its effect on the H c2 (T ) variation is negligible. In particular, these values of N γ (E F ) also showed a tendency to saturation for x ≥ 0.35.
As is well known, H c2 also provides important information on the nature of superconductivity in the studied system [43] . In particular, H c2 provides the information on coherence length ξ, the fundamental length scale for superconducting state: As already noted and shown explicitly in figure 6 , our superconducting results obey quite well the Dynes-Varma correlations [58] for disordered transition metal alloys. According to this correlation the superconductivity in such alloys is determined with N 0 (E F ), which result in a linear variation of λ e−p with N 0 (E F ) with a slope that depends only on a class of transition metals (i.e., 3d, 4d or 5d) and the position of E F within a given d-band density of states [58] . As seen in figure 6 , within the experimental scatter, our results accomodate quite well with the previous results for 5d-alloys [58] , in spite of the fact that they do not contain 5d-metals. This probably arises from significant amount of Ti (3d-metal), which suppresses strongly the rate of increase of λ e−p with N 0 (E F ) as illustrated with the literature results for amorphous Ti-Ni alloys [57] in figure 6 . Similarly, the results for crystalline (bcc) Ta-Nb-Zr-Hf-Ti HEAs (which contain components from all transition metal series) are extending between the lines drawn previously for 4d and 5d-alloys [58] and their position depends on the fraction of 3d, 4d and 5d metal. In particular, alloy with lowest Ti content is closest to 4dline, whereas these with highest Ta content are located at the 5d-line. We note that results for HEAs in figure 6 extend the validity of Dynes-Varma correlation to mixtures of different transition metals.
The Hall coefficient of (TiZrNbCu) 1−x Ni x alloys studied so far is positive and has the values similar to those observed in amorphous Zr-Co, Ni, Cu alloys, R H ≤ 6.8×10 −11 m 3 C −1 [55, 56] . As seen in the inset to Fig. 3 ref. [58] ; squares are from [18, 21] ; stars are from [23] ; up-triangles are from [60] ; diamonds are from [45, 61] ; down-triangles are from [62] . [55, 56] . Thus, the variation of R H in multicomponent TE-TL amorphous alloys is, as in corresponding binary alloys [55, 56] , determined by the changes in their electronic structure. However, the origin of R H > 0 in these alloys is still not completely understood [44] .
Conclusion
Main results of the comprehensive study of electronic properties of (TiZrNbCu) 1 
